The genes for nitrous oxide (N 2 O) reduction, nosRZDFYL, are clustered on the chromosome of Pseudomonas aeruginosa. Promoter assays using transcriptional fusions to lacZ revealed that the structural gene for nitrous oxide reductase, nosZ, is transcribed with the upstream nosR gene. The nosR gene product is not required for the activity of the nosR promoter. A sequence similar to the consensus FNR-binding motif was found 41?5 bp upstream from the major transcriptional start point of nosR. Mutation of the motif significantly reduced the promoter activity. DNR, an FNR-related transcriptional regulator required for the expression of denitrification genes in P. aeruginosa, is necessary for the transcription of nosR, indicating that the motif is recognized by DNR. Nitrite (NO 2 2 ), nitric oxide (NO) and NO-generating reagents induced nosR promoter activity, but N 2 O did not. The NO 2 2 -induced nosR promoter activity was reduced by mutation of the NO 2 2 reductase gene. However, a low concentration of NO 2 2 induced the promoter activity in a NO reductase mutant. These results indicate that NO is the inducer molecule for transcription of the nos genes.
INTRODUCTION

Nitrate (NO 2
3 ) is reduced through nitrite (NO 2 2 ), nitric oxide (NO) and nitrous oxide (N 2 O) to dinitrogen (N 2 ) by denitrifying bacteria. N 2 O reductase (N 2 OR) catalyses the last step of the denitrification pathway, the two-electron reduction of N 2 O to N 2 . N 2 OR has been purified and characterized from many bacteria, such as Pseudomonas stutzeri (Coyle et al., 1985) , Paracoccus denitrificans and Achromobacter cycloclastes (Hulse & Averill, 1990) . N 2 OR from Pseudomonas aeruginosa is, like most of the N 2 OR from other micro-organisms, a dimeric multicopper enzyme located in the periplasm (SooHoo & Hollocher, 1991) . This type of N 2 OR has two copper centres per subunit, Cu A and Cu Z . Cu A is a di-copper centre, similar to that of cytochrome oxidase, and Cu Z locates at the catalytic centre (Brown et al., 2000) . The organization and regulation of the N 2 OR genes have been investigated intensively in P. stutzeri. In this bacterium, the genes for N 2 O reduction, nosRZDFYL, are clustered with the genes for other denitrification enzymes, NO 2 2 reductase (NIR) and NO reductase (NOR) (Braun & Zumft, 1992; Jüngst et al., 1991) . The structural gene for N 2 OR is nosZ (Viebrock & Zumft, 1988) , the nosDFY gene products are thought to be involved in the processing and insertion of copper into N 2 OR (Zumft et al., 1990) , the nosL gene product is proposed to be an outer membrane disulfide isomerase (Dreusch et al., 1996) and nosR encodes a putative membrane protein (Cuypers et al., 1992) . The nosR gene product is proposed to be an N 2 O-sensing regulator that is required for the expression of the N 2 OR genes (Vollack & Zumft, 2001 ). The nos gene cluster of P. stutzeri is transcribed as at least three operons from promoters located upstream of nosR, nosZ and nosD (Cuypers et al., 1995) .
Genome sequencing of P. aeruginosa PAO1 has shown that the arrangement of the nosRZDFYL genes (PA3391-PA3396) is identical to that of P. stutzeri (Stover et al., 2000) ; however, the nos gene cluster of strain PAO1 is located separately from the nir-nor gene cluster encoding NIR and NOR (Arai et al., 1995a) . Identities of nucleotide sequences of the nos genes with correspondents from P. stutzeri are (in %) nosR, 75, nosZ, 80, nosD, 71, nosF, 70, nosY, 77 and nosL, 60, respectively. The nos genes are probably transcribed as an operon because the genes are located close to one another or overlap in P. aeruginosa.
Many denitrifying bacteria can grow on N 2 O as the only electron acceptor under anaerobic conditions. However, P. aeruginosa cannot grow on exogenous N 2 O as the only electron acceptor, although it can utilize endogenous N 2 O for the generation of energy for growth during denitrification (Bryan et al., 1985; Carlson & Ingraham, 1983) . P. aeruginosa does not express N 2 OR in response to exposure to N 2 O, indicating that the expression of N 2 OR is regulated by a molecule other than N 2 O (SooHoo & Hollocher, 1990).
Thus, the regulatory mechanism of N 2 OR of P. aeruginosa seems to be different from that of other denitrifiers that can grow on N 2 O, such as P. stutzeri.
The expression of the nir and nor genes is regulated by two FNR-like regulators, ANR and DNR, in P. aeruginosa (Arai et al., 1995b (Arai et al., , 1997 . FNR of Escherichia coli is structurally similar to the CRP that is involved in the catabolite repression control of E. coli (Guest, 1992) . FNR regulates the expression of many genes that are required for anaerobic growth when oxygen is depleted. Four cysteine residues are involved in sensing oxygen depletion through the formation of a 4Fe-4S cluster (Kiley & Beinert, 1999) . ANR carries the four cysteine residues and is a functional analogue of FNR (Zimmermann et al., 1991) . DNR does not carry the cysteine residues and is proposed to sense the existence of N-oxides, especially NO, rather than oxygen limitation (Arai et al., 1995b (Arai et al., , 1999b . The promoters regulated by FNR-like regulators have a sequence similar to the consensus FNRbinding motif (FNR box) (TTGAT----ATCAA), and both ANR and DNR recognize the consensus FNR box (Hasegawa et al., 1998) . There are motifs similar to the FNR box in the promoter regions of the nir and nor operons, but the nir and nor promoters are activated only by DNR and not by ANR. Because expression of DNR is under the control of ANR, transcription of the nir and nor genes is regulated indirectly by ANR. This ANR-DNR dual regulatory system causes the expression of the nir and nor genes under anaerobic conditions in the presence of Noxides (Arai et al., 1997) . The FNR box is also found in the upstream region of nosR, suggesting that the nos genes are also under the control of DNR and/or ANR. In this study, we analysed the transcriptional regulation of the nos genes and the role of DNR in their regulation.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli and P. aeruginosa strains were cultivated in Luria-Bertani (LB) To produce anaerobic conditions, we used a 50 ml vial (70 ml total volume) containing 20 ml medium. After inoculating the vial with 200 ml of an aerobically grown culture, the vial was fitted with a butylrubber septum and an aluminium seal. The air in the vial was replaced with argon by flushing the gas through a needle. Cultivation was done by gentle shaking. To produce oxygen-limiting conditions, we added oxygen into the vial to a concentration of 2 % (1 ml) with a gas-tight syringe after the air in the vial was replaced with argon. When necessary, sodium nitrite, sodium nitroprusside (SNP) or S-nitrosoglutathione (GSNO) was added to the medium. SNP and GSNO were purchased from Kanto Chemicals and Wako, respectively, and dissolved in 50 mM MOPS just before use. N 2 O and CO were purchased from GL Science. NO was purchased from Suzuki Shokan.
DNA manipulations and b-galactosidase assay. The recombinant DNA experiments were carried out by standard methods (Sambrook et al., 1989) . Introduction of DNA into P. aeruginosa strains was carried out as described previously (Arai et al., 1995c) or by electroporation with a Cell-Porator (BRL Life Technologies).
Restriction and modification enzymes were purchased from Toyobo or Takara. EX Taq (Takara) was used for PCR. Synthetic oligonucleotides were prepared by Sawady Technology. b-Galactosidase assays were performed using the standard protocol (Sambrook et al., 1989) .
Cloning of the nos gene cluster. Three overlapping fragments (4?7 kb SphI, 4?2 kb PstI and 1?6 kb KpnI) that carry the nos genes of strain PAO1 were cloned by using pUC19 as a vector; the resulting plasmids were designated pMM1, pMM2 and pMM3, respectively ( Fig. 1 ). We used a DIG DNA labelling and detection kit (Boehringer Mannheim) and a Hybond-N nylon membrane (Amersham Pharmacia Biotech) for Southern blotting and colony hybridization. The probe used for cloning the 4?7 kb SphI fragment was a 0?6 kb fragment of the nosZ gene that was amplified by PCR with oligonucleotides probeA (GAAGCTTGACGTGCACTACCAGC CGGGTCA) and probeB (GCAGAACCAGCTGCAGTAGTACCAGT GCAG) from the chromosomal DNA of strain PAO1. The oligonucleotides were designed from the sequence of the nosZ gene of P. aeruginosa DSM 57001 T . A 1?7 kb PstI-SphI fragment from pMM1 was used as a probe for cloning the 4?2 kb PstI fragment. The probe used for cloning the 1?6 kb KpnI fragment was a 0?6 kb PCR fragment of the 59 region of the nosR gene that was amplified with oligonucleotides NRPF (GGCAGATCTGTTACC TGAAGGCGCTGGGC) and NRPR (GGCGGTACCGTCTGGAAGG CGTAGCCGAG). The oligonucleotides were designed from the sequence obtained from the Pseudomonas Genome Project (http:// www.pseudomonas.com).
Construction of plasmids. A 2?7 kb fragment carrying the nosR promoter region, nosR and the 59 region of nosZ was amplified from the chromosomal DNA of strain PAO1 with oligonucleotides nos15 (GAGGCCTGGATCCGTTACCTGAAGGCGC; the BamHI site is underlined) and nos16 (CGACCACCAAGCTTCCCAGGGCGCTGGC; the HindIII site is underlined). The BamHI-HindIII digest of the PCR fragment was ligated with pUC119, resulting in pHA1231. A 2?7 kb BamHI-HindIII fragment, a 1?1 kb KpnI-HindIII fragment and a 1?6 kb BamHI-KpnI fragment from pHA1231 were ligated with the respective sites of pQF50 (Farinha & Kropinski, 1990) , resulting in pHA1241, pHA1242 and pHA1243, respectively (Fig. 1) . pHA1244 was constructed by ligation of a 0?54 kb BglII-KpnI fragment, which contains the 59 region of nosD, with the respective sites of pQF50 (Fig. 1) . The fragment was prepared by PCR amplification from pMM1 with oligonucleotides NDP-BF (GGCAGATCTAGGAC GGCATCGACCTGATG; the BglII site is underlined) and NDP-KR (GGCGGTACCGCCTCGCAGCGTAGGTGCAG; the KpnI site is underlined). For construction of pHA1245, a 1?3 kb fragment carrying the 39 region of nosY and nosL was amplified by PCR from pMM2 with oligonucleotides nos3 (CAGGTCGAATTCACCTCGGT GCCGGC; the EcoRI site is underlined) and nos4 (CCGGCGGATC CTCAGTGCGCCGGGTGCC). The amplified fragment was digested with EcoRI and SphI, and the resulting 0?85 kb fragment was ligated with a HincII-SphI digest of pUC118 after the EcoRI end was blunted. The fragment was cut out using BamHI and HindIII, and inserted into the respective sites of pQF50, resulting in pHA1245.
pHA1241DR was constructed by digestion of pHA1241 with KpnI and self-ligation after removing protruding 39 termini with T4 DNA polymerase. A frame-shift mutation was introduced into the nosR gene on the plasmid by this operation. pHA1241NN and pHA1243NN have a mutated FNR-binding motif (TTGACTTTCATCAAR cTGACTTTCATCAg). The mutation was introduced by PCR with oligonucleotides nos13 (CCACTTCCTGACTTTCATCAGGCGCG TTCC) and nos14 (complementary to nos13) as described previously (Arai et al., 1999a) .
Construction of mutant strains. A nosR-deficient strain, RM1301T, was constructed from strain PAO1 by insertion of the tetracycline-resistance gene (tet) into nosR by homologous recombination using pMM1301T (Fig. 1) ; the method of homologous recombination has been described previously (Arai et al., 1995c) . The mutation was confirmed by Southern hybridization analysis (data not shown). pMM1301T was constructed as follows. A 2?7 kb KpnI-KpnI-SmaI fragment containing the nosR gene from pMM1 and pMM3 was cloned into the KpnI-SmaI sites of pUC19. The resultant plasmid was digested with ClaI and ligated with an end-blunted 1?4 kb EcoRI-AvaI fragment of pBR322, which carried the tet gene, resulting in pMM1301T. An anr and dnr double mutant strain, DM536, was constructed from the anr-deficient strain PAO6261 (Ye et al., 1995) by using pHA536 as described previously (Arai et al., 1995b) . Insertion of the tet gene was confirmed by PCR (data not shown).
RNA extraction and primer extension analysis. Strain PAO1 was cultivated anaerobically in LB medium supplemented with 5 mM sodium nitrite. Total RNA was isolated at mid-exponential phase by using ISOGEN (Nippon Gene), according to the manufacturer's instructions, and was treated with RNase-free DNase (Nippon Gene). The primer extension reaction was performed with Superscript II (Gibco-BRL). The oligonucleotide primer used for the reaction was nos9 (GACACACCGCCACGATCCG), which was complementary to the mRNA of nosR. The primer was labelled with [g-32 P]ATP (Amersham Pharmacia Biotech) by using T4 polynucleotide kinase. The labelled primer and RNA were annealed at 70˚C for 10 min. Extension was carried out at 42˚C for 30 min. The primer extension product was compared on an 8 % polyacrylamide/ 6 M urea gel with the products of sequence reactions made with the same primer.
RESULTS AND DISCUSSION
Transcriptional analysis of the nos genes
The gene cluster for N 2 OR of P. aeruginosa PAO1 is composed of five genes, nosRZDFYL. The nosR and nosZ genes are separated by only 42 bp, and nosZ and nosD, nosD and nosF, and nosF and nosY overlap each other. The nosY and nosL genes are separated by only 16 bp. Promoter activities of the regions upstream of nosR, nosZ, nosD and nosL were determined by using transcriptional fusions with lacZ. Strain PAO1 was transformed with the pQF50-derived plasmids shown in Fig. 1 . The transformants were cultivated under anaerobic conditions in LB medium supplemented with 5 mM sodium nitrite. After overnight cultivation, the b-galactosidase activities of the transformants were determined (Table 2 ). pHA1241 and pHA1243, which carried the upstream region of nosR, showed high activities. In contrast, pHA1242, pHA1244 and pHA1245, which carried the upstream regions of nosZ, nosD and nosL, respectively, showed very low activities. These results suggested that the nosRZDFYL genes are transcribed as an operon from a promoter located upstream of nosR. We tried using Northern hybridization analysis to determine the length of the mRNA of the nos genes, but the hybridization signals we obtained using the probes for nosR, nosZ or nosDF were small smeary bands, probably because of the instability of the mRNA (data not shown). This hybridization was detected only for the RNA prepared from the cells grown under denitrifying conditions.
Role of nosR in the transcription of the nos genes
The promoter activity from pHA1241 was about twice as high as that from pHA1243 (Table 2 ). pHA1241 carries the complete nosR gene but pHA1243 does not. When the nosR gene on pHA1241 was disrupted by a frame-shift mutation (pHA1241DR), the promoter activity was almost identical to that of pHA1243 (Table 2 ). These results indicated that amplification of nosR on the plasmid had some positive effect on its promoter activity. NosR is proposed to activate the transcription of nosZ in response to N 2 O in P. stutzeri (Vollack & Zumft, 2001 ). However, expression of nosR from a multicopy expression vector did not raise the promoter activity from pHA1242 or pHA1243 (data not shown). It is probable that the arrangement of the promoter and nosR is important for the full transcriptional activity to occur. Such an importance of gene arrangement was reported for NirI, a homologue of NosR, in Paracoccus denitrificans (Saunders et al., 1999) . The gene encoding NirI is located upstream of and divergently transcribed from the NIR gene nirS. Disruption of nirI caused a defect in the transcription of nirS, indicating that NirI acts as a transcriptional activator for the nirS promoter. However, the introduction of recombinant nirI into the disruptant did not complement the transcription of nirS. Transcription was restored only when nirI was reintegrated upstream of nirS on the chromosome by homologous recombination.
We determined the promoter activity from pHA1241, pHA1242, pHA1243 and pHA1241DR in the nosR-deficient strain RM1301T. The activity from pHA1241 was about twice as high as that from pHA1243 or pHA1241DR, as in the case of strain PAO1 ( Table 2 ). The activities in strain RM1301T were about 30 % higher than those in strain PAO1. These results indicated that nosR is not necessary for the activity of the nosR promoter because the complete nosR gene did not exist in strain RM1301T carrying pHA1243 or pHA1241DR.
Analysis of the nosR promoter sequence
The transcriptional initiation site of the nosR promoter was determined by primer extension analysis (Fig. 2) . The mRNA used for the template was prepared from cells of strain PAO1 grown anaerobically with sodium nitrite as an electron acceptor. A major transcriptional start point of nosR was found 77 bp upstream from the initiation codon. In addition, a minor transcriptional start point was found adjacent to the major point. There is a sequence (TTGACTTTCATCAA) similar to the consensus FNR box (TTGAT----ATCAA) in the promoter region. The sequence is centred at 241?5 bp from the major transcriptional start point. This distance is typical of the promoters activated by the FNR-type regulators (Guest, 1992) . No typical 210 sequence was found in this region. A primer extension reaction was also carried out with a primer complementary to nosZ or nosD, but no clear band was detected, suggesting that there is no promoter just upstream of nosZ or nosD (data not shown).
Effect of DNR on nosR promoter activity
We investigated the role of the putative FNR box in the nosR promoter region by using mutated promoter fragments. Two point mutations were introduced (TRC at 248 and ARG at 235 from the major transcriptional start point) into pHA1241 and pHA1243, resulting in pHA1241NN and pHA1243NN, respectively. The mutations were designed to disrupt the consensus sequence but not the palindromic structure of the motif (Lodge et al., 1990) . The transcriptional activity of the nosR promoter on both pHA1241NN and pHA1243NN in strain PAO1 was very low, indicating that the FNR-binding motif is necessary for the promoter activity (Table 2 ).
We have reported that both of the FNR-like regulators of Pseudomonas aeruginosa, ANR and DNR, can activate an artificial FNR-dependent promoter (Hasegawa et al., 1998) . It is still unknown how ANR and DNR distinguish their target promoters. To investigate the roles of ANR and DNR in P. aeruginosa, we constructed an anr and dnr double mutant strain, DM536, and measured the nosR promoter activity in this strain. When strain DM536 was transformed with pHA411, which carries anr, the nosR promoter activity from pHA1243 was very low (Table 2) . In contrast, when strain DM536 was transformed with pHA541W, which carries dnr, the activity was nearly identical to that in strain PAO1. These results clearly demonstrated that the nos genes are in the DNR regulon and therefore in the ANR/DNRregulatory cascade, as was the case for the nir and nor genes. It is probable that the FNR-binding motif of the nosR promoter is recognized only by DNR.
NO-responding induction of the nosR promoter
We have reported that the expression of the nir and nor genes is regulated by DNR (Arai et al., 1997) . NO is a major signal for DNR-dependent transcriptional activation (Arai et al., 1999b) . We investigated the signal molecule for induction of the nos genes by measuring the nosR promoter activity from pHA1243 in the presence of N-oxides or NO-generating reagents (Table 3) . Synthetic medium was used so that we could clearly see the effects of the added compounds. In the wild-type strain PAO1, the Fig. 2 . Determination of the transcriptional start point of nosR by primer extension analysis. Lane RT contains the primer extension products from RNA isolated from strain PAO1 grown anaerobically in the presence of NO nosR promoter activity was highest in the presence of 5 mM NO { 2 . The activity was also high when NO gas was added to the head space of the incubation vial. The NO-generating reagents SNP and GSNO also activated the promoter. In contrast, no activity was detected when the air in the vial was replaced with N 2 O. These results indicated that the signal for the activation of the nosR promoter was NO or related reactive nitrogen species and that N 2 O does not induce the genes for its own reductase. P. aeruginosa does not grow on exogenous N 2 O as the only terminal electron acceptor of anaerobic respiration, although it can produce energy for growth at the expense of endogenous N 2 O (Bryan et al., 1985; Carlson & Ingraham, 1983) . It has been reported that P. aeruginosa does not express N 2 OR when exposed to N 2 O under anaerobic conditions SooHoo & Hollocher, 1990) . The results that the transcription of the nos genes is regulated not by N 2 O but by NO clearly explain why P. aeruginosa does not grow on exogenous N 2 O.
nosR promoter activity was also measured in the nirSdeficient mutant strain RM488 (Kawasaki et al., 1995) and the norCBD-deficient mutant strain RM495 (Arai et al., 1999b) , which do not the produce NIR and NOR, respectively. In strain RM488, the nosR promoter activity in the presence of 5 mM NO { 2 was significantly lower than that in strain PAO1 (Table 3 ). This must be because NO is not produced enzymically from NO { 2 . The NO-generating reagents SNP and GSNO induced the nosR promoter, as was the case for strain PAO1. However, the activity of the promoter in the presence of gaseous NO was about a third that of strain PAO1. It has been reported that the in vivo activities of NIR and NOR couple with each other (Ye et al., 1992; Zumft, 1993) . Deficiency in NIR activity causes low activity of NOR, and vice versa. It was difficult to metabolize a large amount of NO in strain RM488, as NO has a toxic effect on the cells and might have caused the low activity of the nosR promoter. The toxic effect might not be expressed when the NO-generating reagents were used because the NO concentration in the medium was kept low. In strain RM495, the promoter activity was also induced by the NO-generating reagents; however, the activity of the promoter in the presence of 5 mM NO { 2 or gaseous NO was lower than that in strain PAO1. The low activity might have been caused by the toxicity of the large amount of NO that was produced from NO { 2 or added exogenously. Interestingly, the promoter activity in strain RM495 was high in the presence of 0?1 mM NO { 2 , while the activity was very low in other strains. That was probably because NO produced from NO { 2 was not further metabolized and therefore a suitable concentration was maintained for the activation of the nosR promoter. Such a phenomenon has been observed for the norC and nirQ promoters (Arai et al., 1999b) .
The nosR promoter activity was not induced by CO in strain PAO1 (Table 3 ), but high activity occurred when 0?1 mM NO { 2 was added to the medium in the CO atmosphere. Because 0?1 mM NO { 2 alone did not activate the promoter, the high activity must be the result of the synergistic effect of CO and NO { 2 . CO is known to bind to the active site of NOR (Hendriks et al., 2001) . It is probable that NOR was inhibited by the CO and that the NO produced from NO { 2 was not further metabolized as in the case of strain RM495.
It has been shown that the nosR promoter of P. aeruginosa is activated by DNR in the presence of NO. The nosR promoter of P. stutzeri is also reported to be regulated by NO (Vollack & Zumft, 2001) . NO might be sensed directly by DNR, because DNR and corresponding regulators such as DnrD of P. stutzeri, NNR of Paracoccus denitrificans and NnrR of Rhodobacter sphaeroides have been shown to be involved in the NO-responding regulation of the denitrification genes (Arai et al., 1999b; Kwiatkowski et al., 1997; Hutchings et al., ND ND ND, Not determined. *Values are means ¡SD from more than three independent experiments. 3Gaseous NO was added by using a gas-tight syringe. Solute concentration was calculated from a published value (Lide, 1999) . 4The air in the vial was replaced with N 2 O or CO instead of Ar.
2000; Vollack & Zumft, 2001) . The mechanism of NOsensing by DNR is still unclear, and no cofactor has been identified yet. CooA, a CRP/FNR-related CO-sensing regulator of Rhodospirillum rubrum, uses b-type haem as a cofactor for sensing of CO (Aono et al., 1996) . Because CO had no direct effect on the nosR promoter activity, the NO-sensing mechanism of DNR must be different from the CO-sensing mechanism of CooA.
